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Contrary to globular proteins, intrinsically disordered proteins (IDPs) lack a folded structure and
they do not lose solubility at elevated temperatures. Although this should also be true at low tem-
peratures, cold stability of IDPs has not been addressed in any scientiﬁc work so far. As direct char-
acterization of cold-denaturation is difﬁcult, we approached the problem through a freezing-
induced loss-of-function model of globular-disordered functional protein pairs (m-calpain-calpast-
atin, tubulin-Map2c, Hsp90-ERD14). Our results afﬁrm that in contrast with globular proteins IDPs
are resistant to cold treatment. The theoretical and functional aspects of this observation are
discussed.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction hydrophobic amino acids and enriched in hydrophilic/chargedTemperature is one of the most important environmental fac-
tors for life as it inﬂuences most biochemical reactions, including
protein folding and unfolding. Proteins are known to denature,
i.e. unfold and aggregate at elevated temperatures. Theoretically,
cold denaturation should also be a universal property for all pro-
teins, reﬂecting interactions between water and protein molecules
[1]. Cold denaturation of globular proteins has been observed in
numerous cases, usually with the aid of denaturants [2] or at high
pressure [3].
In recent years it came into light that not every functional pro-
tein has a well-deﬁned three-dimensional structure. Intrinsically
disordered proteins (IDPs) are characterized by a lack of folded
structure with high intramolecular ﬂexibility. The highly ﬂexible,
malleable structural state enables unique functional features
which are unparalleled by ordered proteins [4–10]. The functional
importance of protein disorder is underscored by its dominance in
proteins associated with signal transduction, cell-cycle regulation,
gene expression and chaperone action [10]. As IDPs are depleted inchemical Societies. Published by E
arly response to dehydration;
ck protein; IDP, intrinsically
sis abundant protein; Map,
ide adenine dinucleotide.amino acids, they do not lose solubility at elevated temperatures
and one could argue that this should also be true in the lower tem-
perature range. Yet, this feature has not been addressed so far in
any scientiﬁc work.
This question is especially important as protein disorder has a
direct role in cold tolerance of several species. Stress proteins
expressed in response to dehydration caused by low temperature
or freezing have a crucial role in protein folding, transcription and
translation [11]. As a large number of these proteins in plants
are intrinsically disordered [12,13], it seems reasonable to argue
that protein disorder is one of the key factors in cold-stress
tolerance.
Because direct characterization of cold-induced unfolding/
aggregation is difﬁcult due to most proteins having cold denatur-
ation points well below 0 C, we approached the problem
through monitoring freezing-induced loss of function of a few
functional pairs of globular and disordered proteins (m-calpain-
calpastatin, tubulin-Map2c, Hsp90-ERD14). Whereas these pro-
teins do not necessarily relate to the physiological role of cold
tolerance or cold stress response, they are ideally suited to dem-
onstrate the difference in the behavior of ordered proteins and
IDPs.
m-Calpain is an intracellular cysteine protease whose activity is
regulated by the intracellular calcium level and its endogenous
inhibitor, calpastatin. Calpastatin is an IDP and is composed of four
equivalent inhibitory domains [14]. Tubulin is the building block of
microtubules. Microtubules are involved in diverse functions thatlsevier B.V. All rights reserved.
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49 kDa juvenile splice variant Map2c are neuron-speciﬁc IDPs,
which regulate microtubule assembly and spacing [16]. Molecular
chaperones comprise a diverse protein family deﬁned by their abil-
ity to suppress the transition of proteins to non-native status
(unfolding/aggregation) and/or assist their acquisition of the
folded, functional conformation [17]. Hsp90 was originally identi-
ﬁed as one of several conserved heat shock proteins [18]. Disor-
dered ERD14 belongs to the dehydrin family, also known as
group 2 late embryogenesis abundant (LEA) proteins. Its expres-
sion increases in response to low temperature and other dehydra-
tion stress conditions [19].
To characterize the loss of function due to cold temperatures,
we examined the effect of repeated freeze–thaw cycles on the
function of these proteins in a manner similar to the method that
Kueltzo et al. [20] applied for studying the aggregation of a mono-
clonal antibody. Our results afﬁrm the starting hypothesis that
IDPs, in contrast with globular proteins, are resistant to cold
treatment.2. Materials and methods
2.1. Protein expression and puriﬁcation
The 80-kDa large subunit and the 21-kDa truncated small sub-
unit of rat m-calpain was expressed in Escherichia coli and puriﬁed
according to the method described in [21].
Full length human calpastatin domain 1 (hCSD1) was expressed
in the E. coli strain BL21 and puriﬁed on a DEAE-cellulose anion-ex-
change column as described in [22].
Bovine tubulin was kindly provided by Dr. J. Ovádi (Institute of
Enzymology, Biological Research Center, Hungarian Academy of
Sciences).
Map2c was prepared as described [23] and puriﬁed on a Ni-NTA
agarose column.
Recombinant Hsp90 and ERD14 were expressed in the E. coli
strain BL21 and puriﬁed according to the method speciﬁed in [13].
2.2. Structure predictions
The disordered characteristics of the proteins were predicted
using the in silico prediction method IUPred [24] available at
http://IUPred.enzim.hu.
2.3. Calpain activity measurements
Enzyme activity was measured with a Jasco FP 777 spectroﬂuo-
rometer at excitation/emission wavelengths of 380/460 nm with
the substrate LY-AMC (Sigma) in a 3  3 mm quartz cuvette. The
reaction mixture in 50 ll of a buffer of 10 mM HEPES, 150 mM
NaCl, 1 mM EDTA, 5 mM benzamidine, 0.5 mM phenylmethylsul-
fonyl ﬂuoride, 10 mM b-mercaptoethanol, pH 7.5, contained
1 mM substrate and 3 mM free Ca2+. m-Calpain (0.2 mM) was
added to the reaction mixture at the beginning of the measure-
ment alone or along with 0.1 mM calpastatin to attain 50% inhibi-
tion. Enzyme activity was calculated from the initial slope of
ﬂuorescence change.
2.4. Tubulin polymerization
Tubulin polymerization was monitored turbidimetrically at
350 nm with Jasco UV-550 spectrophotometer equipped with a
thermostatted cuvette holder at 10 mm path length. Experiments
were run in a buffer of 50 mM MES, 50 mM KCl, 1 mM DTE,
1 mM EDTA, 5 mM MgCl2, pH 6.6, 1.4 M glycerol (10% v/v), 1 mMGTP, with a tubulin concentration of 3 mg/ml in the presence of
0.3 mg/ml Map2c in a ﬁnal volume of 500 ll. The reaction was
started by the rapid mixing of tubulin into the reaction mixture.
The rate of polymerization was calculated from the value of absor-
bance obtained after1 h polymerization time.
2.5. Chaperone assay
Chaperone activity of Hsp90 and ERD14 was assayed by moni-
toring the heat-induced inactivation of yeast alcohol dehydroge-
nase (ADH, Sigma–Aldrich) at 43 C for 1 h. 2 lM (0.3 mg/ml)
ADH was mixed with 1 lM ERD14 or with 1 lM HSP90 (in
100 mM Na2HPO4, pH 8.8). The samples were incubated on ice
for 5 min prior to the assay. The reaction solution was then placed
into a 43 C water bath and enzyme activity was determined at
time zero and after 60 min. The enzyme activity was measured
with 1.25 mM EtOH and 2 mM NAD+ (100 mM NaH2PO4, pH 7.5)
by adding 20 ll reaction solution to 580 ll reaction mixture (ﬁnal
volume 600 ll). The increase in absorbance of nicotinamide ade-
nine dinucleotide (NADH) at 340 nm was followed at room tem-
perature with a Jasco UV-550 spectrophotometer. The initial
slope of the absorbance change was determined.
2.6. Freeze–thaw cycles
Two hundred microliters of each protein was placed in standard
1.5 ml centrifuge tubes at 80 C. All proteins were frozen sepa-
rately. After one hour the samples were placed to room tempera-
ture to thaw and the cycle was repeated up to ﬁve times.
Remaining activity of the protein, normalized to its activity with-
out this treatment, was determined after each cycle.
All experiments were repeated three times and the results were
analyzed statistically using the Student’s t-test.3. Results
To address the behavior of IDPs under cold stress we chose
three well characterized proteins which are disordered along their
entire length. Fig. 1 shows IUPred predictions of these proteins,
hCSD1 (Fig. 1A), Map2c (Fig. 1B) and ERD14 (Fig. 1C). All three pro-
teins have scores above 0.5 for almost every residue, i.e. they can
be regarded as fully disordered [24]. These predictions conﬁrm
previous experimental observations [13,25] on the disordered
character of these proteins.
Fig. 2 shows the activity-loss of m-calpain during several
freeze–thaw cycles. The ﬁrst two cycles cause no signiﬁcant change
in the activity of the enzyme, but after three freezing and thawing
cycles a signiﬁcant decrease in its activity can be observed. After
ﬁve cycles only about 30% of the initial activity is preserved. In con-
trast, the capacity of calpastatin to bind to and inhibit calpain
activity is not impaired by repeated freezing and thawing.
Tubulin polymerization was followed for 60 min and the ﬁnal
value of absorbance was considered 100% (Fig. 3). Tubulin seemed
to be slightly more resistant to freezing and thawing than the other
two globular proteins, considering that even after four cycles al-
most 80% polymerization could be observed. The loss of its func-
tion was statistically signiﬁcant only after ﬁve freeze–thaw
cycles. Map2c, on the other hand, proved to be completely insensi-
tive to cold treatment, since no signiﬁcant change in Map2c-as-
sisted tubulin polymerization rate could be observed upon
freezing it up to ﬁve times.
The globular chaperone Hsp90 was very sensitive to cold
treatment (Fig. 4), i.e. it already signiﬁcantly lost its capacity to
prevent ADH aggregation even after the ﬁrst freezing and after ﬁve
cycles it only retained half of its chaperone efﬁciency. ERD14 on
Fig. 1. Prediction of protein disorder. IUPred prediction of the disordered proteins. (A) hCSD1; (B) Map2c; (C) ERD14. Scores above 0.5 represent disordered regions.
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freezing.
4. Discussion
In all three protein pairs a marked difference could be observed
between the behavior of the globular and the disordered protein.Fig. 2. Activity of m-calpain and inhibitory capacity of calpastatin during several
freeze–thaw cycles. Activity of m-calpain (empty bars) and inhibitory potency of
calpastatin (hatched bars) were measured without (0 cycles) or following various
numbers of freeze–thaw cycles. Calpastatin concentration was set to attain 50% m-
calpain inhibition and this is considered as 100% inhibitor potency. Data represent
the mean of three separate experiments. Asterisks represent signiﬁcant difference
(P < 0.05, Student’s t-test).All three globular proteins showed signiﬁcant drop in their activity
during the freeze–thaw cycles, whereas the disordered proteins
proved to be resistant to cold treatment. This observation, sup-
ported for the ﬁrst time by experimental evidence, has important
theoretical and functional implications.
In a detailed theoretical description of the process of cold dena-
turation a key point is the structure of water. At low temperatures,Fig. 3. Tubulin polymerization during several freeze–thaw cycles. Polymerization
rate of tubulin without (0 cycles) or following several freeze–thaw cycles was
measured with the addition of untreated Map2c (empty bars). The ability of Map2c
to promote the polymerization rate of untreated tubulin was measured without (0
cycles) or following several freeze–thaw cycles (hatched bars). Tubulin and Map2c
were frozen separately. Data represent the mean of three separate experiments.
Asterisks represent signiﬁcant difference (P < 0.05, Student’s t-test).
Fig. 4. Chaperone efﬁciency of Hsp90 and ERD14 during several freeze–thaw cycles.
Chaperone efﬁciency of Hsp90 (empty bars) or ERD14 (hatched bars) in the ADH
heat-inactivation assay without (0 cycles) or after several freeze–thaw cycles. Data
represent the mean of three separate experiments. Asterisks represent signiﬁcant
difference (P < 0.05, Student’s t-test).
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exposure of a non-polar surface area results in enthalpy loss
accompanied by a parallel entropy loss, which together drive the
process of protein denaturation at low temperatures. Repeated
freeze–thaw cycles thus have detrimental effect on the function
of globular proteins as shown in the experiments above. The resid-
ual structure in cold denaturation is more extensive than in heat
denaturation [26] probably due to regions stabilized by interac-
tions other than the hydrophobic effect. If relatively large sections
of a protein retain their structure in the frozen state, it may regain
the native fold at room temperature, explaining why the activity of
most globular proteins is partly preserved even after some freeze–
thaw cycles. Nevertheless, the process of unfolding cannot be fully
reversed, and inevitably some loss in function is observed.
IDPs are characterized by distinct amino acid compositions
which ensure low mean hydrophobicity and high net charge, pre-
cluding the formation of a hydrophobic core [8–10]. Since they
need no stable conformation to remain functional, they are less
sensible to changes in their environment, in this particular case,
the freezing of water. In earlier experiments disordered dehydrin
proteins remained soluble even when the available space was geo-
metrically restricted due to crowding [27], meaning that the side-
effect of ice-crystal formation that manifests in space-conﬁnement
is also negligible in the case of IDPs.
Our observations also provide signiﬁcant functional insight
with respect to adaptation to permanently cold habitats in psy-
chrophile organisms, which has led to the evolution of enzymes
with characteristics similar to the IDPs [28,29]. For example, the
cold adapted multi-modular endocellulase Cel5G of the psychro-
philic Pseudoalteromonas haloplanktis possesses a long, completely
disordered linker region, which is shorter in the mesophilic and
practically missing from the thermophilic enzyme. This peculiar
feature of the linker is thought to be the main feature of the adap-
tation to cellulose hydrolysis at low temperatures [30]. Similar
loop extensions were observed with the dimeric citrate synthase
of an Antarctic bacterium [31]. Psychrophilic trypsins have fewer
hydrogen bonds in the loop regions and higher average surface
hydrophilicity than their mesophilic counterparts [32].
Entirely disordered proteins also have a direct role in the cold
tolerance of several species. The presence of disordered LEA pro-
teins has been associated with cellular tolerance to dehydration,
which may be induced by freezing [33]. LEA proteins are not plant
speciﬁc, they have also been found in other free-living organisms,
such as bacteria, nematodes, rotifers and cyanobacteria [34]. LEA
proteins also have been shown to possess cryoprotective activityin vitro: dehydrins from citrus [35] and barley [36] could protect
lactate dehydrogenase activity when frozen with the enzyme.
These observations are in accordance with our results that extre-
mely cold temperatures do not alter the functionality of these pro-
teins. Because the common feature that qualiﬁes these proteins to
this task, it seems reasonable to argue that protein disorder is one
of the key factors in cold-stress tolerance in the living world.
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